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I. INTRODUCTION

Absorption by the F_ continuum at a 325-nm wavelength was used to

determine the FZ-concentiation (Ref. 1). A HeCd laser capable of being
modulated was used to probe the flow. The difference in intensity between

the laser beam transversing the region of absorption measurement and a
reference beam was measured by means of two independent, silicon, photo-
voltaic detectors. The differential voltages were displayed on an oscilloscope.
Several refinements to the basic differential measurement technique were
essential to achieve sufficient sensitivity to obtain meaningful data for an
operational laser (sensitivities of AI/IO < 10°4 in laboratory tests and AI/IO =
6 % 10-4 in the CL XI nozzle field tests have been obtained). Figure 11is a

schematic of the technique, with essential refinements illustrated.

Internal laser modulation provided transient free chopping of the two
beams. A sapphire prism was used to ensure complete polarization of the
beam to eliminate polarization difference effects in reflectivity and transmis-
sivity of optical parts in the light paths. The optical density wedge provided
a null differential signal with no F, flow. The 325-nm wavelength optical
filter was used to discriminate against hot-flow radiation. The test cell was
darkened for testing,and the detectors were tuned for optimum gain by trans-
lation transverse to the beams. The low-pass filter of the 1A7A differential
amplifier eliminated high-frequency noise above 100 Hz. Measurement beam
in-operation (I ) was read directly on the scope for the no F?_ cond1t1on The
reference beam was then made equal to I, to within 1 part in 10 by means of
the optical density wedge. The measured intensity difference (AI) resulting
from F2 abosrption was read directly on the scope at a high sensitivity for the
F2 addition in the absorption region as the difference between the modulated-

on and modulated-off beam traces. The F, density for small concentration

2
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was determined directly from the equation

oSl o
8.70£(cm) Io

pFz(molll) =
where the absorption coefficient is obtained from Ref. 2, f is the absorption !
path lengtii (Lin the Appendix), and PF, is the molecular fluorine molar
density.

The important components of the absorption experiment, which are
shown in Figure 1, include: a Liconix Model 301 M modulatable laser (325-
nm wavelength), an Interstate Electronics Model P25 pulse generator, two
EG & G Model UV 444B silicon photovoltaic detectors, a Tektronix Model
1A7A 10-pV sensitivity differential amplifier, a sapphire prism, three CaF,

I

windows, and a 325-nm wavelength optical filter.
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1I. EXPERIMENT

Fluorine density measurements were made in the TRW CL XI nozzle
flow along the 10.2 cm path. The tests were conducted on 5 and 6 August
1976 in the HEPTS facility at the TRW Capistrano test site. The basic ex-
perimental setup is shown in Figure 1. The absorption measurement beam
was placed 1.65 and 6.73 cm downstream of the nozzle exit plane in the cen-
ter of the jet. Cold-flow test runs were made with F2 as the He diluent.
Hot-flow test runs were made with F2 with C2H4 or H2 as the combustor
fuels and He as the diluent. Helium was also fed into the cavity through the
fuel nozzles to maintain proper nozzle operating temperatures during hot-

flow runs; however, no cavity fuel was used in these tests. In addition, He

was used as a window and cavity purge gas.
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Figure 1. CL XI Nozzle FZ Absorption Experiment




1I1. CALIBRATION

Absolute cold-flow calibrations were attempted to verify the techniques
in the new test environment and to establish baseline measurements for the 4
test series. The cold-flow absorption measurements near the nozzle (X =
1.65 cm) yielded low values of F, density. The values were low when com-
pared to the FZ densities calculated to be in the cavity flow, on the basis of an

isentropic expansion of the known F. in He molar flow from the plenum of

2

known pressure to the measured cavity pressure, i.e., 234 pmol/l measured

relative to 387 pmol/l or a 40% discrepancy. This result was probably due to
the disparity between the measured cavity pressure and the actual static pres-
sure of the jet in proximity to the nozzle resulting from an overexpansion of
the flow. Cold-flow measurements made at this point were the same with and
without He flow-out of the cavity fuel nozzles, indicating that the measure-
ment was being made well within the Prandtl Meyer zone and chat little mixing
had occurred between the two streams at this point. Cold-flow measurements
made at the X = 6.73 cm station were in better agreement. The calculated

FZ density was 438 pmol/l, and the measured value was 339 pmol/l, an agree-

o

ment within 23%, but still a rather large discrepancy. Similar measurements

made at the Aerospace facility agreed within a few percent (Ref. 1). This

pET—

discrepancy is thought to be to result, in large measure, from the sizable
cavity-purge He flow (6 g/sec), which in mixing with the jet could account for
, the lower FZ density measurements. However, effects of this ambient gas in

the cavity on the measurement are difficult to assess quantitatively. The

addition of 21 g/sec of He into the cavity jet through the fuel oxidizer nozzle,

" which was necessary during all hot runs, resulted in a cold-flow signal reduc-
tion of 23%. Because of the ambiguities introduced by these other cavity
flows, the jet flow could not be used to verify the diagnostics precisely; they
indicate only that the measurements are reasonable. The F, density mea-

surement does reflect the flow condition. The near-nozzle measurement,

=0u




calculated.

114 K for an isentropic nozzle expansion.

for example, yields a cavity pressure and temperature of 1.67 Torr and

The cold-flow measurements pro-

vide baseline information from which hot-flow dissociation levels can be

The cold flow test conditions are as follows:
-1
m = 12.73 g/sec
e
combustor
M = 2Tk gloeeT
¥2
combustor
combustor 40.8 psia
Tc:oxnbustor = &35
m =6.0 g/sec-1
e ;
cavity purge
pcavity =4.5 Torr

I"pa.th length L

Io measured = 7.5 X 10-3 29
X =1.65cm, 6.73 cm

L oasared = 156 BY, 226 pV

p
F 2 calculated

= 387 pmol/l, 438 umol/l

p = 234 pmol/l, 339 pmol/1

2 measured

=50




IV. RESULTS

Both IIZ

The use of CZH‘l as a combustor fuel did not result in particulate absorption

and CZ“l were used as fuels in the combustor in these tests.

or scattering of sufficient magnitude to negate the measurement technique,
which was a matter of concern because of the extreme sensitivity of Raman
scattering to unwanted scattering in the flow. Reliable measurements can be

made with C2H4 as the combustor.

Measurements were made at two locations, x = 1.65 e¢cm and 6.7 cm
downstream of the nozzle exit plane. The typical test results for three com-

bustor temperatures obtained at the x = 1.65 c¢cm location are given in

Table 1.
Table 1. Near-Nozzle Test Results
“1/2 i
AI/IO (T Flow Dissociated
Tt’ K AI/Io extrapolation) (o) Level
295 2oHIe% 10"Z 0
971 706 10°° 8.7 x 10°3 0.046
1998 <6x 1074 2.8 x 1073 >0.8
The combustor temperatures were calculated from the TRW MDRC

computer program. The AI/Io measurements were made directly with the
! FZ diagnostics, and the AI/I0 (Tt-i/2 extrapolation) values were calculated on

-1/2
{ the basis of the 295 K reading by means of a Tt i

scaling law. Both the F,
consumed by the combustor and the MDRC Program computed dissociation
were taken into account (see the Appendix for a discussion of the data reduc-
tion techniques). The scaled AI/Io value at 971 K, i.e., 8.7 X 10_3, is in

; ST -
good agreement with the measured value, 7.6 =~ 10 7, indicating the

sl s
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reliability of the technique and data-handling method for hot flows. Further
extrapolation to 1998 K for an assumed 100% recombination resulted in an
absorption signal of 2.8 X 10-3. However, no absorption difference signal
was detected in several attempts. It was estimated conservatively that a
difference signal of 6 X 10.4 would have been observed. It was concluded
that these tests indicated a flow (o) for this high-temperature of >0.8. Test

conditions and measurements for these tests are given in Table 2.

The measurements made at the x = 6.7 cm location were made with
21 g/sec He flowing into the cavity through the fuel nozzle array, which pre-
cluded absolute flow density calculations on the basis of isentropic expansion.
A T;“z correlation of the data points obtained over a range of temperatures
from 964 to 1633 K was made with the 964 K value. The downstream-of-
nozzles test conditions and measurements data are given in Table 3. The
relative absorption measurements are shown in Figure 2 versus the combus-
tor temperature. Theoretical curves representing 100% recombination and
no recombination were also plotted for comparison with the experimental

values. The theoretical curves were scaled to fit 964 K and multiplied by
Tt~ 1/2
points and the no recombination curve is good. The average recombination

for the higher temperatures. The basic agreement of'the experimental

level indicated over the entire range of temperatures appears to be of order
10 to 20%; i.e., @ ~0.8 to 0.9.

-12a-
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RELATIVE ABSORPTION

[ l | I |
081 =
06 L— G
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0 l I | | I
800 1000 1100 1200 1300 1400 1500 1600 1700
COMBUSTOR TEMPERATURE, K
Figure 2. F, Absorption 6.7 cm Downstream of Nozzle Exit
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V. DISCUSSION

Several difficulties were experienced in the tests, some of which can be

eliminated or minimized in future testing. Recirculation of FZ in the mea-
surement region outside the jet occurred before window-purge ducts lead-

: ing to the edges of the jet were installed. The measured absorption was

——

reduced over one-half upon installation of the ducts. Window coating was
necessary and resulted in a large reduction in the measurement beam signal
(8 mV to 6 mV) in early tests. Sooting occurred after each purge gas (He)
was turned on. The sooting apparently decreased as the lines cleared but was
finally eliminated after the window ducts were added and the He purge gas in
the window was increased from 3 to 6 g/sec. Individual small-scale ducts

b (to reduce cavity flow) for each window are recommended.

Problems with near nozzle measurements stemmed from the lack of
precise knowledge of flow-static pressure or temperature. The diagnostics }

provide Fz-density information, and relative measurements can be made of

il e

this density under flow rate or plenum temperature on pressure variation.
However, the representation of FZ concentration in such terms as pressure
or degree dissociation requires either the measurement of another flow
parameter, such as jet static pressure, or a nozzle flow calculation. In an

equilibrated jet, the downstream F2 measurement permits the readily acces-

sible cavity static pressure measurement to be used to aid in analysis. The
presence of large purge flows in the cavity region, however, complicates the
analysis and reduces the utility of this simple flow measurement to the F2

jet analysis. With the use of individual small-bore (<1-in-diam), long-window
ducts with small-window H, purge flows and with no cavity purge gas introduced,

this measurement problem might be solved.

The two principal difficulties associated with the measurement device

itself, not the flow field, are electrical noise pickup (principally 60 Hz) and

-17- , FRECEDING PAGE ELANK-NOT FTLMED
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the long-term drift of the differential signal. A significant reduction in

S —————

electrical noise pickup was made at the site by replacing coaxial leads con-
necting the detectors to the scope differential amplifier input terminals with
twisted-pair cabling. Further reduction should be possible with the use of
shielded twisted cables with greater electrical noise attenuation characteristics.

Increased discrimination against electrical noise is possible by means of the

measurement of the difference signal from the differential amplifier output
on a lock-in amplifier. However, for the phase-sensitive amplifier to be

used efficiently, long-term drift must be taken into account. The long-term

drift was thought to be the result, principally, of dissimilar thermal changes
in the detectors in the open-test environment. An increase in thermal inertia
by means of mass addition to the detector holders should improve this

condition.

The most promising way to increase the signal-to-noise ratio involves

the use of a higher-powered laser source. The Liconix Model 301M laser

used in these tests provided a 1-MW beam. Newer models, e.g., Liconix
Model 405 UV, provide an order of magnitude or greater output power at the

325-nm wavelength.

cnallali,




V. CONCLUSIONS

The Aerospace Fz-absorption diagnostic technique was applied to the
measurement of F2 densities in the flow of the TRW CL XI nozzle. The tech-
nique was shown to be viable in a combustion-driven, chemical-laser environ-
ment. Cold- and hot-flow measurements under essentially no F2 dissociation,
i.e., combustor-plenum temperatures of 295 K (¢ = 0) and 971 K (¥ = 0.046),
were consistent. Hence, the measurement technique appears to be reliable.
Extension of the tests to higher temperature regions (Tma.x = 1998 K) indicated
consistently low recombination levels, i.e., o> 0.8, for this nozzle. Particu-
lates were not a problem, even when C2H4 was used as the combustor fuel.
Whereas the system performed satisfactorily, in this test, series sensitivity
was61'1mited to AI/I0 =& X 10-4, which corresponds to an F, density of 6.76 X
10”7 mol/l (0.127 Torr F, at 300 K) over a 10.2-cm path. Sensitivity and

data-acquisition reliability may be improved by increasing the HeCd-laser-
beam power, increasing the thermal inertia of the detectors, including a
phase-sensitive amplifier readout in the system, and by decreasing electrical

noise pickup.

puae vy kg
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APPENDIX A

DATA ANALYSIS

The basic equation used in the analysis of the Fz-absorption experiment

data is the classical absorption law

-8.70 Pp (mol/1) L (cm)
2

I _
T=e (A-1)
o]

where the absorption coefficient is given for F, at 325 nm wavelength (Ref. 2).

The absorption measurement involves the determination of Io and Al
Equation A-1 can be rearranged, to directly reflect the relationship between

P and the measured quantities, to the form
2

-8.70 Pr L

Al:l-e E (A-2)

For small values of the argument of the exponential (the case here), this ex-

pression can be further simplified and rearranged to the form
1 Al
pF2=(8.70L)T— i
o

Hence, the F2 molar density is determined directly in the experiments from
geometry, i.e., nozzle absorption path length (10.2 cm) and the measure

beam values.

A basic difficulty in data application is immediately encountered upon

attempting to relate the measured F2 densities in the flow to the dissociation

pr— - — -
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level, i.e., another gas flow parameter in the jet must be measured or

inferred in order to accomplish this. Cavity pressure is a readily measured

quantity and can be equated to downstream-jet static pressure in some in-

stances to fill this need and has been successfully done in previous experi-

ments at Aerospace. Unfortunately, the large addition of purge gases to the

cavity region in the present tests precluded unambiguous use of the cavity

pressure measurement in the data analysis, which otherwise might be ac-

complished as follows.

Cavity F

2 molar densities in the jet are calculated for known plenum

pressure, temperature, and molar flow rates and cavity pressure, with

isentropic nozzle expansion assumed and with the aid of the equations

and

Fo
Pr =3 P (A-4)
FZ n1:ota.1 C
1
P, N
pC = t i)— (A'S)
t
Py
P iR )

where p, p, and T are the density, pressure, and temperature, respectively,

subscript t refers to plenum (total) conditions, subscript c refers to cavity

conditions, R is the gas constant, y is ¢ /Cv’ and n is the molar flow rate.

This calculation was performed only for the cold-flow calibration runs for

comparison with the measured F, densities since the p_, measurement was

compromised in these tests as explained in Section III of this report. vy was

calculated to be 1.954 for the cold-flow calibration conditions.

«22=
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The method used to relate the measured FZ density to dissociation level

in these tests involved establishing the combustor plenum temperature de-

pendence of pFZ. This was accomplished by the use of equations

m

Pe “BV L,
and
V=M ﬁRTt (A-8)

and Eq. (A-4),from which was obtained the functional dependence
N - (A-9)

where m is the total jet mass flow, V is the jet velocity at the location, A is
the jet cross-sectional flow area, and M is the flow Mach number. The com-
bustor gas composition, temperature, and pressure were varied for the
various runs by means of variable-combustor fuel injection, which resulted

in only a small change in the quantities M, R, andy as a result of the large

diluent ratios employed. These parameters were disregarded in the analysis.

The determination of Fz-dissociation level was made by meaftlnl'i.zng PF, for a
cold flow (Tt = 295 K, o = 0) and hot flows and applying the T density
scaling law to the cold-flow measurement. Comparison of this value with the
hot-flow density measurement, which had been compensated for lower initial
F, due to combustion and dissociation, yielded the recombination fraction.
The combustor temperatures, gas compositions, and dissociation levels were
directly from TRW Program MDRC. The combustor temperatures were cal-
culated by means of a heat balance, which included the measured combustor

heat losses but excluded nozzle heat losses.

23

LY




REFERENCES

D. J. Spencer, Sensitive F, Absorption Diagnostic, TR-0077(2610)-3,
The Aerospace Corporation (to be published).

R. K. Steunenberg and R. C. Vogel, '""The Absorption Spectrum of
Fluorine,' J. Amer. Chem. Soc., 78, 901 (1956).

2B a ! FRECEDING PAGE ELANK-NOT FILMED

J—




LABORATORY OPERATIONS

The Laboratory Operations of The Aerospace Corporation is conducting
experimental and theoretical investigations necessary for the evaluation and
application of scientific advances to new military concepts and systems, Ver-
satility and flexibility have been developed to a high degree by the laboratory
personnel in dealing with the many problems encountered in the nation's rapidly
developing space and missile systems. Expertise in the latest scientific devel-
opments is vital to the accomplishment of tasks related to these problems. The
laboratories that contribute to this research are:

Aerophysics Laboratory: Launch and reentry aerodynamics, heat trans-

fer, reentry physics, chemical kinetics, structural mechanics, flight dynamics,
atmospheric pollution, and high-power gas lasers.

Chemistry and Physics Laboratory: Atmospheric reactions and atmos-
pheric optics, chemical reactions in polluted atmospheres, chemical reactions
of excited species in rocket plumes, chemical thermodynamics, plasma and
laser-induced reactions, laser chemistry, propulsion chemistry, space vacuum
and radiation effects on materials, lubrication and surface phenomena, photo-
sensitive materials and sensors, high precision laser ranging, and the appli-
cation of physics and chemistry to problems of law enforcement and biomedicine.

Electronics Research Laboratory: Electromagnetic theory, devices, and
propagation phenomena, including plasma electromagnetics; quantum electronics,
lasers, and electro-optics; communication sciences, applied electronics, ‘sem:-
conducting, superconducting, and crystal device physics, optical and acoustical
imaging; atmospheric pollution; millimeter wave and far-infrared technology.

Materials Sciences Laboratory: Development of new materials; metal
matrix composites and new forms of carbon; test and evaluation of graphite
and ceramics in reentry; spacecraft materials and electronic components in
nuclear weapons environment; application of fracture mechanics to stress cor-
rosion and fatigue-induced fractures in structural metals.

Space Sciences Laboratory: Atmospheric and ionospheric physics, radia-
tion from the atmosphere, density and composition of the atmosphere, aurorae
and airglow; magnetospheric physics, cosmic rays. generation and propagation
of plasma waves in the magnetosphere;: solar physics, studies of solar magnetic
fields; space astronomy, x-ray astronomy; the effects of nuclear explosions,
magnetic storms, and solar activity on the earth's atmosphere, ionosphere, and
magnetosphere; the effects of optical, electromagnetic, and particulate radia-
tions in space on space systems.

THE AEROSPACE CORPORATION
El Segundo, California
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